The oligodendrocyte lineage genes (Olig1/2), encoding basic helix-loop-helix transcription factors, were first identified in screens for master regulators of oligodendrocyte development. OLIG1 is important for differentiation of oligodendrocyte precursors into myelinforming oligodendrocytes during development and is thought to play a crucial role in remyelination during multiple sclerosis. However, it is still unclear how OLIG1 interacts with its transcriptional cofactors and DNA targets. OLIG1 was reportedly restricted to mammals, but we demonstrate here that zebrafish and other teleosts also possess an OLIG1 homolog. In zebrafish, as in mammals, Olig1 is expressed in the oligodendrocyte lineage. Olig1 associates physically with another myelin-associated transcription factor, Sox10, and the Olig1/Sox10 complex activates mbp (myelin basic protein) transcription via conserved DNA sequence motifs in the mbp promoter region. In contrast, Olig2 does not bind to Sox10 in zebrafish, although both OLIG1 and OLIG2 bind SOX10 in mouse.
Introduction
Myelin, the multilayered glial sheath around axons, is one of the defining features of jawed vertebrates (gnathostomes). It is present in both the central and peripheral nervous systems and facilitates rapid, saltatory conduction of action potentials. In the CNS, oligodendrocytes (OLs) are responsible for myelin synthesis. OLs develop from dedicated precursor cells (OLPs) that are specified in the ventricular zones of the embryonic spinal cord and brain.
Several transcription factors including OLIG1, OLIG2, NKX2.2, SOX10, and OCT6 are known to regulate the development of OLPs (Collarini et al., 1992; Lu et al., 2000; Sun et al., 2001; Stolt et al., 2002; Zhou and Anderson, 2002; Gokhan et al., 2005) . In the mouse spinal cord, OLIG2 is necessary for the production of both motor neurons and OLPs (Lu et al., 2002; Takebayashi et al., 2002; Zhou and Anderson, 2002) . OLIG1, in contrast, is not required for motor neuron development or the early stages of OLP development but plays a role in OL maturation (Lu et al., 2002) . Nkx2.2 directly inhibits transcription from the myelin basic protein (Mbp) promoter (Wei et al., 2005) but promotes transcription from the proteolipid protein (Plp) promoter (Qi et al., 2001) . SOX10 also plays a key role in promoting OL terminal differentiation; in the absence of Sox10 activity, OL differentiation is disrupted (Stolt et al., 2002) . Moreover, SOX10 directly regulates Mbp transcription (Stolt et al., 2002) , and overexpression of SOX10 alone is sufficient to induce myelin gene expression in embryonic chick spinal cord (Liu et al., 2007) . OCT6 (also known as TST-1 or SCIP) is expressed in proliferating OLPs in culture and is downregulated when OL differentiation is triggered by the withdrawal of mitogens from the culture medium (Collarini et al., 1992) . The regulatory interrelationships among these transcription factors and their DNA targets remain to be worked out.
OLIG1, OLIG2, and another close relative, OLIG3, belong to the large family of basic helix-loop-helix (bHLH) transcription factors that function widely in cellular development and differentiation. The functions of OLIG1 and OLIG2 partly overlap (Lu et al., 2002; Zhou and Anderson, 2002) , although OLIG1 plays the key role in OL myelinogenesis (Xin et al., 2005) and in remyelination after experimentally induced CNS demyelination (Arnett et al., 2004) . OLIG2 can bind to the E-box (Eb) motif (CANNTG), a DNA binding site that is recognized by several other tissue-specific bHLH factors (Lee et al., 2005) . However, OLIG2 is distinct in that it can form homodimers and can function as a transcriptional repressor (Novitch et al., 2001; Lee et al., 2005) , whereas most other lineage-restricted bHLH factors act as transcriptional activators. It is reported that the Olig2 gene is structurally conserved from nematode and fly to vertebrates, whereas Olig1 arose as a duplication of Olig2 during later vertebrate evolution and, as a result, occurs only in mammals (Lu et al., 2000) . More recently, in silico analysis of Olig genes argues that Olig1 might have appeared first during evolution (Bronchain et al., 2007) . OLIG3 is important for specification of class A (dI1-dI3) dorsal spinal cord interneurons and has been implicated in astrocyte development in zebrafish (Filippi et al., 2005; Muller et al., 2005) .
Myelin components Protein zero (Mpz), proteolipid protein (Plp1b), and Mbp have been identified in zebrafish (Brosamle and Halpern, 2002) . Zebrafish Olig2, like its mammalian counterpart, is required for primary motor neuron and OL development (Park et al., 2002) . Sox10, Nkx2.2a, and Oct-6 have all been reported to function in OL differentiation in zebrafish (Levavasseur et al., 1998; Park et al., 2002; Kirby et al., 2006) . In this study, we report that zebrafish and other teleosts also possess an olig1 gene. Zebrafish Olig1 is expressed in the OL lineage and can form homodimers as well as heterodimers with Olig2 and the ubiquitous bHLH transcription factor E12. In zebrafish, Olig1 can interact with Sox10 directly, whereas Olig2 cannot. In mouse, both OLIG1 and OLIG2 bind to SOX10. In vitro and in vivo evidence indicates that an Olig1/Sox10 complex can activate mbp transcription by binding to elements in the 5Ј region of the mbp gene. These findings cast new light on the role of Olig1 in CNS myelination.
Materials and Methods
Cloning and analysis of the zebrafish olig1 gene. A tBLASTn (Basic Local Alignment Search Tool) search with the mouse OLIG1 protein sequence (GenBank accession number NP_058664) on the Ensembl zebrafish database (http://www.ensembl.org/Danio_rerio/index.html) identified a zebrafish olig1 homology sequence. Specific primers 1F 5Ј-GGATCCT-CAGAATGCAGGCTGTGTCTGGTG-3Ј and 1R 5Ј-GCGGCCGCTTC-GGAAAACGCATGGCTGGATT-3Ј were used to amplify olig1 from total RNA of 3 d postfertilization (dpf) zebrafish embryos by reverse transcription (RT)-PCR. The names of zebrafish genes follow the Zebrafish Nomenclature Guidelines (www.zfin.org). Embryo manipulation. Zebrafish embryos were raised at 28°C with a 14/10 h light/dark cycle. They were staged according to hours or days after fertilization and morphological criteria. Embryos were fixed and cryoprotected, and sections were cut as described previously (Kazakova et al., 2006) . Synthetic mRNA and DNA were injected into embryos at the one-cell stage. For mRNA injection, 3-5 nl of mRNA (100 ng/l) synthesized by mMESSAGE mMACHINE (Ambion, Austin, TX) was used.
In situ hybridization. Zebrafish whole-mount in situ hybridization was performed as reported previously (Kazakova et al., 2006) . Doublefluorescence in situ hybridization on transverse sections was performed as described previously (Pringle et al., 2003) . Digoxigenin and FITC RNA probes were made by in vitro transcription from cloned cDNAs of olig1, olig2, sox10, mbp, plp1b, mpz, and DsRed. Plasmid constructions. The ORFs of zebrafish olig1, olig2, id1, id2, id3, id4, e12, sox10, ngn1, ngn3, mash1a, and nkx2.2a genes were amplified by RT-PCR and cloned into pCDNA3.1His/V5 (Invitrogen, Paisley, UK). olig1, olig2, and sox10 were then subcloned into the pCDNA4His/Myc (Invitrogen) and pCS2 (olig1 and olig2 with a Myc tag, sox10 with a V5 tag) vectors (University of Michigan, Ann Arbor, MI). In addition, olig1 and olig2 were also subcloned into pACT and pBind vectors of the mammalian two-hybrid system (Promega, Southampton, UK). sox10 was also subcloned into pGEX-4T (GE Healthcare, Bucks, UK). Different fragments of olig1 and sox10 were amplified from cDNAs and cloned into pCDNA4His/myc. A 1.6 kb zebrafish mbp promotor fragment and luciferase ORF were cloned into pIRES-DsRed2 (Clontech Europe, SaintGermain-en-Laye, France), from which the flanking sequence of the cytomegalovirus promoter had been removed. Different mutations of mbp-reporter constructs were generated with a site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions.
Cell culture and plasmid transfection. Cos-7 cells were cultured in DMEM supplemented with 10% fetal bovine serum (Invitrogen) at 37°C with 5% CO 2 . Transfections were performed using Lipofectamine 2000 reagent (Invitrogen). Equal amounts of plasmid DNA were used in cotransfection experiments.
Immunoprecipitation and glutathione S-transferase pull down. Thirtysix hours after transfection, 10 7 Cos-7 cells were washed three times in PBS and lysed with 1 ml of lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (v/v) sodium deoxycholate, and 1 tablet of protease inhibitor mixture/50 ml (Roche Diagnostics, Lewes, UK)]. After removing the cell debris by high-speed centrifugation, 500 l of lysis solution was precleared with 30 l of protein G beads (GE Healthcare) for 3 h at 4°C on a rotating wheel. After the beads were pelleted, the supernatant was incubated with anti-Myc or anti-V5 rabbit antibody at 4°C for 1 h, mixed with 30 l of protein G beads, and incubated overnight at 4°C. The beads were washed twice in lysis buffer, twice in high-salt buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Nonidet P-40, and 0.05% sodium deoxycholate), and once in low-salt buffer (50 mM TrisHCl, pH 7.5, 0.1% Nonidet P-40, and 0.05% sodium deoxycholate). The beads were then resuspended in 80 l of SDS sampling buffer and boiled for 5 min. For protein purification by immunoprecipitation, the antibodies were cross-linked with protein G beads by disuccinimidyl suberate (Pierce, Northumberland, UK), and the proteins were eluted with 80 l of 0.2 M glycine-HCl, pH 2.8, and neutralized by adding 8 l of 1 M Tris-HCl, pH 9.5.
For glutathione S-transferase (GST) pull-down assay, GST or GSTsox10 fusion protein was produced in Escherichia coli strain BL21 DE3 (Novagen, Darmstadt, Germany) and purified with glutathione agarose beads following the manufacturer's manual. The immobilized GST fusion protein was then incubated with Cos-7 lysate at 4°C overnight. Bound proteins were washed and eluted.
Luciferase assay. Luciferase activity was measured using the Dual Luciferase Assay System (Promega). The amount of transfected DNA was calibrated with empty pCDNA vector. The measured firefly luciferase activity was normalized against Renilla luciferase activity. The results were the mean Ϯ SE of three independent transfections. All assays were repeated three times.
Chromatin immunoprecipitation. Whole zebrafish embryo chromatin immunoprecipitation (ChIP) was performed using a modified protocol (Havis et al., 2006; Wardle et al., 2006) . Briefly, 50 embryos at 1 dpf were released from the chorion and fixed in 1.85% (w/v) formaldehyde solution for 15 min at room temperature. The fixation was quenched by glycine for 5 min. The embryos were washed three times with PBS, dissected from the underlying yolk, and homogenized in 500 l of embryo lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% Nonidet P-40, and 1 tablet of protease inhibitor mixture/50 ml). The nuclei were pelleted by centrifugation at 12,000 ϫ g for 30 min at 4°C, resuspended in 100 l of nuclei lysis buffer [50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% (w/v) SDS, and 1 tablet of protease inhibitor mixture/50 ml], sonicated, and diluted by adding 900 l of lysis buffer. Sheared chromatin solution (500 l) was used for immunoprecipitation with anti-Myc or anti-V5 antibody. The DNA/protein complex was then eluted with 200 l of elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 1% SDS) at 65°C for 15 min. For PCR, the elute was decross-linked at 65°C for 6 h in 200 mM NaCl. Two primers, MBPF 5Ј-CCGTTCTTCATGTGCTCTG-3Ј and MBPR 5Ј-TCAGTGGTCTACAGTCTGGAC-3Ј, were used to amplify a 360 bp mbp promoter fragment.
Western blotting. Proteins from immunoprecipitation, GST pull down, and ChIP were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Protein bands were visualized by chemiluminescence (ECLplus; GE Healthcare).
Electrophoretic mobility shift assays. 32 P-labeled, double-stranded oligonucleotides EbS2 (5Ј-CAAGTCGGGGCAGATGTGGACTAG-AACAATAGCAGCTCC-3Ј) and S1 (5Ј-GAGGGGACGACACC-TTCAAAGGCCAGCCCTTCGTG-3Ј) were used as probes (transcription factor binding sites are underlined). Purified protein and 0.1 pmol of radiolabeled probe were incubated at room temperature for 30 min in a 20 l reaction volume [reaction buffer: 20% (v/v) glycerol, 20 mM HEPES, 100 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.01 U of poly(dIdC)]. For competitive binding experiments, 10 pmol of unlabeled EbS2, S1, Eb mut S2 (5Ј-CAAGTCGGGGTTGTAATGGACTAGAACAATAG-CAGCTCC-3Ј), EbS2 mut (5Ј-CAAGTCGGGGCAGATGTGGACT-AGGCCGCTAGCAGCTCC-3Ј), or S1 mut (5Ј-GAGGGGACGACAC-CGCCTCATGCCAGCCCTTCGTG-3Ј) was used as competitor (mutant sites underlined). For supershift experiments, 1 g of mouse antiMyc or anti-V5 antibody was applied. The mixture was run on a 6% nondenaturing Tris-borate EDTA polyacrylamide Novex minigel (In-vitrogen) until the dye migrated off the end of the gel. The gels were dried and visualized by autoradiography.
Results
Zebrafish olig1 is expressed in the OL lineage Zebrafish olig1 transcripts were first detected in the diencephalon at 48 h postfertilization (hpf) by in situ hybridization ( Fig. 1 A) , whereas olig2 and olig3 appeared earlier (Park et al., 2002; Filippi et al., 2005) . Subsequently, the olig1-expressing domain extended caudally and eventually spread through the entire brain and spinal cord by 72 hpf ( Fig. 1 B, C) .
To identify the olig1 mRNA-expressing cell lineage, we performed double in situ hybridization on transverse sections of trunk spinal cord. In spinal cord, olig1 expression began at ϳ72 hpf. olig1 was expressed only in the circumferential white matter where it colocalized with markers of OLPs (olig2, sox10) as well as markers of differentiating OLs (sox10, mpz, plp1b, mbp) 
Olig1 and Olig2 bind to different transcriptional partners in zebrafish
The sequence relatedness between Olig1 and Olig2 is less than that between Olig2 and Olig3 (Bronchain et al., 2007) . Moreover, as stated above, the temporal and spatial expression of olig1 and olig2 is different. These data suggest that Olig1 and Olig2 might have different functions. To investigate their functions further, we transfected expression vectors encoding Myc or V5 epitopetagged zebrafish Olig1 or Olig2 into cultured Cos-7 cells together with vectors encoding a range of potential transcriptional cofactors (also epitope tagged). We then performed coimmunoprecipitation assays on cell lysates with anti-Myc and anti-V5 to test for physical associations (Fig. 2) . As in mammals, zebrafish Olig1 and Olig2 could both form homodimers as well as heterodimers with universal bHLH transcription factor E12 (Fig. 2 A, B) . Moreover, Olig1 and Olig2 could form heterodimers with each other. The formation of Olig1/2 homodimers and heterodimers was further confirmed by mammalian two-hybrid assay. Association of Olig1/Olig1, Olig1/Olig2, or Olig2/Olig2 all increased luciferase activity approximately eightfold (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). However, in contrast to mouse OLIG1 and OLIG2, both of which can bind to bHLH proteins ID2 and ID4 (Samanta and Kessler, 2004) , zebrafish Olig1/2 could not interact with Id1, Id2, Id3, or Id4 (Fig. 2 A, B) . All of these Id proteins could interact with zebrafish E12, however (supplemental Fig. 1 B, available at www. jneurosci.org as supplemental material). Previous reports indicate that mouse OLIG2 physically interacts with NGN2 and NKX2.2 to regulate OL and motor neuron development (Sun et al., 2003; Lee et al., 2005) , which is consistent with our finding that in zebrafish, which lacks an NGN2 homolog, Olig2 can interact with Ngn3 instead. V5-tagged olig1, olig2, id1, id2, id3, id4, e12, sox10, ngn1, ngn3, mash1a, or nkx2.2a . Cell lysates were used for immunoprecipitation with rabbit anti-V5 antibody, followed by Western blotting using mouse anti-Myc antibody. Empty V5 vector was used as a negative control. One-twentieth of the cell lysate was subjected directly to Western blotting with anti-Myc. C, Cell lysates from cotransfection of Myc-tagged sox10 and V5-tagged olig1, olig2, e12, or sox10 were immunoprecipitated with rabbit anti-V5 antibody, followed by Western blotting with mouse anti-Myc antibody. D, GST pull-down assay. Lysates from Cos-7 cells transfected with Myc-tagged olig1 or olig2 were incubated with GST or GST-Sox10 fusion protein. The GST fusion protein-bound products were separated by SDS-PAGE and detected with anti-Myc antibody. IP, Immunoprecipitation; WB, Western blot.
Interestingly, we observed that zebrafish Olig1 could complex with Sox10, whereas Olig2 could not (Fig. 2 A, B) . To explore the binding specificity of Sox10 further, we transfected epitope-tagged Sox10 expression vectors into Cos-7 cells along with vectors encoding a range of potential binding partners and performed coimmunoprecipitation assays as before. We found that Sox10 can form homodimers and can also bind to Olig1 but fails to bind to Olig2 or E12. To further confirm the specificity of binding between Olig1 and Sox10, we performed GST pull-down assays. GST-Sox10 fusion protein was expressed in E. coli and purified on an affinity column. The fusion protein could bind to Olig1 in cell lysate of olig1-transfected Cos-7 cells but failed to bind to Olig2 under analogous conditions (Fig. 2 D) . These results reveal that in zebrafish, Olig1 but not Olig2 can form a protein complex with Sox10. This contrasts with mouse, in which OLIG2 can bind to SOX10 in vitro (Wissmuller et al., 2006) . OLIG1 was not examined in the latter study.
We looked into the reason for the species difference between mouse and zebrafish and found that mouse SOX10 can interact not only with mouse OLIG1 and OLIG2 but also zebrafish Olig1 and Olig2, whereas zebrafish Sox10 interacts with zebrafish Olig1 and mouse OLIG1 but not with Olig2 from either species (supplemental Fig. 1C,D , available at www.jneurosci.org as supplemental material). Comparison of the predicted sequences of mouse and zebrafish Sox10 revealed several amino acid differences between mouse SOX10 and zebrafish Sox10, specifically in the H3 and C-terminal region of their high-mobility group (HMG) domains (supplemental Fig. 1 E, available at www. jneurosci.org as supplemental material), which have been shown to play a crucial role in the interaction between SOX proteins and their partners (Remenyi et al., 2003; Wissmuller et al., 2006) .
To map the interacting domains of Olig1 and Sox10, we made a series of constructs expressing different subdomains of Olig1 and Sox10 and performed coimmunoprecipitation assays in transfected Cos-7 cells. The bHLH domain of Olig1 was sufficient to coprecipitate Sox10, and conversely, the HMG domain of Sox10 was sufficient to pull down Olig1 (Fig. 3) . Therefore, the physical interaction between Olig1 and Sox10 is mediated through their bHLH and HMG domains, respectively. The bHLH motif was previously known to be involved in DNA binding and interactions with other transcription factors (Sun et al., 2003; Wissmuller et al., 2006) .
Olig1 and Sox10 coregulate mbp transcription in vitro
Previous studies have shown that, in mice, SOX10 can activate the Mbp and P0 gene promoters Wei et al., 2004) and that OLIG1 can upregulate Mbp and Plp (Xin et al., 2005) . Because zebrafish Olig1 can physically interact with Sox10, we investigated the potential collaborative role of Olig1 and Sox10 in mbp transcription. In the mbp upstream sequence, we found two Sox binding sites (named S1 and S2) that are completely conserved among human, mouse, rat, chick, and zebrafish (Fig. 4 A) . Just 8 bp upstream of site S2, there is a conserved bHLH binding site (Eb). To test whether these DNA motifs mediate the direct binding of Olig1 and/or Sox10 to the mbp gene, we performed electrophoretic mobility shift assays (EMSAs). A 39 bp double-stranded oligonucleotide containing Eb and S2 sites (EbS2) was used as a probe. The mobility of the 32 P-labeled probe could be altered by immunopurified Olig1 or Sox10 proteins (epitope tagged) (Fig. 5 A, B) . Binding to the radiolabeled probe was inhibited by an excess of unlabeled wild-type EbS2 but not by mutated EbS2, confirming the specificity of protein-DNA binding ( Fig. 5 A, B) . The shifted bands could also be supershifted with anti-Myc or anti-V5 antibodies (Fig. 5 A, B) . We found that an analogous oligonucleotide probe, EbS1, could also be shifted by Sox10 (data not shown).
To further study the function of Olig1/Sox10 in regulating mbp transcription, we made a series of luciferase reporter constructs controlled by a 1.6 kbp zebrafish mbp promoter fragment (Fig. 4 B) . In Cos-7 cells cotransfected with the wild-type mbpluciferase reporter and the Sox10 expression vector, there was a more than threefold increase in luciferase activity compared with reporter plus the pCDNA vector-only control (Fig. 5C ). In parallel experiments, neither Olig1 nor Olig2 alone induced an obvious change in luciferase activity (Fig. 5C ). However, when Olig1 and Sox10 were cotransfected along with the luciferase reporter, there was an additional twofold increase in reporter activity compared with reporter-plus-Sox10-alone transfection (Fig. 5C ). Cotransfection of Olig2 and Sox10 did not have this augmenting effect (Fig. 5C ).
To characterize Olig1/Sox10-specific DNA binding sites on the mbp promoter, the S1, S2, or Eb site in the 1.6 kbp mbp promoter-luciferase vector was mutated by PCR-based sitedirected mutagenesis (Fig. 4 B) . The mutated luciferase constructs were then cotransfected with either Olig1 or Sox10 expression vectors. Mutation of Sox10 binding site S1 or S2 decreased luciferase activity more than threefold compared with the nonmutated construct (Fig. 5D) . Mutation of Olig1 binding site Eb also decreased luciferase activity, although the effect was less marked (Fig. 5D ). Double mutation of S2 and Eb further decreased luciferase activity, and double mutation of S2 and S1 or triple mutation of S1, S2, and Eb brought the luciferase activity down to background levels (Fig. 5D) . Together, these in vitro results suggest that Sox10 alone is capable of activating mbp transcription and that Olig1, but not Olig2, can enhance Sox10 activity.
The Olig1/Sox10 complex regulates mbp transcription in vivo
ChIP assays were performed to monitor DNA and protein interactions in zebrafish embryos in vivo. In vitro transcripts of PCS-olig1-myc, PCS-olig2-myc, and/or PCS-sox10-V5 were injected on their own into zebrafish one-cell-stage embryos. After 24 h, the embryos were collected and homogenized. Chromatin was cross-linked, fragmented by sonication, and . Cell lysates were subjected to immunoprecipitation with rabbit anti-Myc, followed by Western blot using mouse anti-V5. Empty Myc-vector was used as the mock control. One-twentieth of the aliquot of the cell lysate was subjected directly to Western blotting with anti-V5. N, N terminus; C, C terminus; IP, Immunoprecipitation; WB, Western blot.
immunoprecipitated with anti-Myc or anti-V5 antibodies. The presence or absence of the mbp promoter sequence was then detected in the immunoprecipitate by PCR. Sox10 could bind to the mbp promoter on its own (Fig. 6 A) , whereas Olig1 or Olig2 failed to bind (Fig. 6 B) . However, the mbp promoter could be precipitated by anti-Myc antibodies after coinjection of olig1-myc and sox10-V5 mRNAs. In contrast, a negative result was obtained with anti-Myc when olig2-myc and sox10-V5 mRNAs were coinjected under the same conditions (Fig. 6 B) . These data indicate that Olig1 can form an mbp binding complex with Sox10 but that Olig2 cannot. To test whether the Olig1/Sox10 complex can activate mbp transcription, we injected olig1-myc mRNA and/or sox10-V5 mRNA into one-cell-stage zebrafish embryos and collected embryos at 3 dpf to detect mbp mRNA expression by in situ hybridization on transverse spinal cord sections. Compared with olig1 or sox10 single injections, olig1/sox10 double injection gave rise to a significant increase in the number and intensity of mbpexpressing cells in the spinal cord (Fig.  7A) . In addition, some ectopically expressed mbp signal was detected in somites after olig1/sox10 double injection.
The series of mbp-luciferase reporters referred to above also contain a downstream IRES-DsRed sequence, so that that they are, in effect, double reporters of luciferase and DsRed. We injected these reporter constructs into one-cell-stage embryos and subsequently performed in situ hybridization with a DsRed probe (Fig.  7B ). There were many more DsRedexpressing cells in embryos injected with wild-type mbp-DsRed reporter DNA (five fish, 10 sections per fish) than in embryos injected with the reporter containing a mutated Eb (five fish, 10 sections per fish) (Fig.  7B) . In embryos injected with mbp-DsRed reporter containing mutated S1, S2, EbϩS2, S1ϩS1, or S1ϩEbϩS2 binding sites, no DsRed signal whatsoever was detected (data not shown). Overall, our data provide strong evidence that a protein complex of Olig1 and Sox10 directly binds to and activates transcription from the mbp promoter.
Discussion olig1 is expressed by OL lineage cells during zebrafish CNS development
Zebrafish olig1 and olig2, like their mammalian counterparts, were expressed strictly in the CNS (Fig. 1) . In mouse spinal cord, both OLIG1 and OLIG2 are expressed in the pMN (progenitors of motor neurons) domain in the ventral neuroepithelium, which is known to give rise to both motor neurons and OLs (Lu et al., 2000; Zhou et al., 2000) . OLIG1 and OLIG2 are rapidly downregulated in postmitotic motor neurons but continue to be expressed in OL lineage cells throughout development and in the adult. In zebrafish, olig2 is expressed in a pMN-like region of neural plate cells at 9.5 hpf (Park et al., 2002) where olig1 is not expressed (data not shown). After motor neuronogenesis, expression of olig2 remains on in OLPs but is downregulated in differentiating OLs and motor neurons. olig1 first emerges in zebrafish spinal cord at 72 hpf (Fig.  1C ) and partly overlaps with olig2 in white matter (Fig. 1 D-F ) , suggesting that some migrating OLPs express olig1. Unlike olig2, olig1 partly colocalizes with differentiated OL markers mbp, Figure 4 . Transcription factor binding sites in the mbp promoter region. A, Alignment of the mbp promoter sequences from human, mouse, rat, chick, and zebrafish. Conserved nucleotides are in red, and clustal consensus sequences are indicated by asterisks. Conserved Sox10 and Olig1 binding sites are underlined. B, Schematic maps of a series of mbp reporter constructs. A 1.6 kbp mbp promoter was used to direct luciferase and IRES-DsRED expression. S1, S2, and Eb sites were mutated, respectively. WT, Wild type.
plp1b, and mpz ( Fig. 1 J-R) at 72 hpf, continuing into adulthood (data not shown). The differences between the expression patterns of zebrafish and mammalian olig1 and between zebrafish olig1 and olig2 imply some functional differences between Olig1 and Olig2 and perhaps between Olig1 in fish versus mammals.
Functional differences between Olig1 and Olig2
As described originally, Olig1 knock-out mice (with a PGKneo cassette at the Olig1 locus) have delayed OL development but are otherwise normal (Lu et al., 2002) . However, it was subsequently reported that after removal of the PGKneo cassette, the mice were dysmyelinating (they failed to activate myelin gene expression, developed tremor and seizures, and died in the third postnatal week) (Xin et al., 2005) . This implied that the active PGKneo cassette might cause cis upregulation of the adjacent Olig2 gene and hence rescue the "true" Olig1 null phenotype. We performed olig1 knock-down experiments with specific antisense morpholinos but did not observe any reduction in mbp expression. This might not be surprising given that olig1 is not expressed until 72 hpf, which is close to the limit of the effectiveness of morpholinos. However, coinjection of olig1and sox10 mRNAs strongly increased mbp expression in fish embryos compared with injection of sox10 or olig1 alone.
OLIG2 is necessary for motor neuron and OL development Transverse sections through trunk; dorsal is to the top. A, The mbp expression in olig1/sox10 mRNA-injected embryos was revealed by in situ hybridization at 3 dpf. B, Different mbp reporter constructs were injected into one-cell-stage embryos. mbp transcription was evaluated by in situ hybridization at 3 dpf with a DsRed-specific probe. No DsRed signal was detected in embryos injected with S1, S2, EbϩS2, S1ϩS1, or S1ϩEbϩS2 mutated constructs (data not shown). Quantification of DsRed-positive cells in spinal cord (10 sections) showed that there were many more DsRed-expressing cells in spinal cord of embryos injected with the wild-type (WT) construct than in embryos injected with the Eb mutated (mut) construct. Error bars indicate SEM. Scale bar, 20 m. both in rodents (Lu et al., 2002; Takebayashi et al., 2002; Zhou and Anderson, 2002) and zebrafish (Park et al., 2002) . OLIG2 is reported to interact with a range of different transcription factors including E12, IDs (Samanta and Kessler, 2004) , NKX2.2 (Sun et al., 2003) , and NGN2 (Lee et al., 2005) , whereas the interacting partners of OLIG1 have not yet been established. We analyzed binding partners of Olig1 and Olig2 in zebrafish by coimmunoprecipitation. Zebrafish Olig2, like mouse OLIG2, can form homodimers and can also bind to E12, Nkx2.2a, and Ngn3. Zebrafish Olig1, in contrast, can form homodimers and heterodimers with Olig2 or E12 but fails to interact with Nkx2.2a or Ngn3.
Another difference between zebrafish Olig1 and Olig2 is that Olig1 can bind to Sox10 whereas Olig2 cannot. This seemed to contradict the previous report that OLIG2 can bind to SOX10 in mouse (Wissmuller et al., 2006) . However, we have shown that this is a true species difference: OLIG2/Olig2 from mice or zebrafish can both bind mouse SOX10 but not zebrafish Sox10. This probably reflects several key amino acid differences between the HMG domains of mouse SOX10 and zebrafish Sox10 (supplemental Fig. 1E , available at www.jneurosci.org as supplemental material), specifically in the H3 and C-terminal regions, which are known to be important for protein-protein interactions of SOX proteins (Remenyi et al., 2003; Wissmuller et al., 2006) . In addition to the species divergence between SOX10 and Sox10, there is also divergence between the binding properties of OLIG1 and OLIG2 (and between Olig1 and Olig2), illustrated by the fact that OLIG1/Olig1 but not OLIG2/Olig2 can bind zebrafish Sox10 (summarized in Fig. 8 ). There is 22% amino acid sequence divergence between the bHLH domains of OLIG1 and OLIG2 (36% divergence between bHLH domains of zebrafish Olig1 and Olig2), but it is not yet possible to pinpoint which amino acids are responsible for their different Sox10 binding activities because the crystal structure of OLIG proteins has not yet been determined. It is also not known whether, or how, the different structural properties of OLIG1/Olig1 and OLIG2/Olig2 might be reflected in their interactions with other transcriptional cofactors in mice or fish.
The Olig1/Sox10 complex directly activates mbp transcription SOX10 is a key mediator of OL terminal differentiation (Stolt et al., 2002) . In Sox10 null mouse embryos, expression of myelin genes including Mbp, Plp, and Mag is lost (Stolt et al., 2002) . SOX10 can bind to multiple sites in the proximal region of the Mbp promoter to activate its transcription (Stolt et al., 2002 (Stolt et al., , 2006 Wei et al., 2004) . SOX10 can also stimulate expression of P0 in the CNS (Brosamle and Halpern, 2002; Schweitzer et al., 2003) as well as in Schwann cells in the peripheral nervous system . OLIG1 is crucial for OL myelinogenesis in brain and is required for transcription of Mbp, Plp, and Mag (Xin et al., 2005) . Here, we uncovered a functional relationship between Olig1, Sox10, and mbp. There are two evolutionarily conserved Sox10 binding sites (S1 and S2) in the proximal region of the mbp promoter as well as an Eb that lies 8 bp upstream of S2 (Fig. 4A) . Sox10 can bind to S1 and S2, whereas both Olig1 and Olig2 can bind to Eb (Fig.  5A ,B) (and data not shown). Although these results suggest that Sox10 is not absolutely required for the binding of Olig1 to the mbp promoter in vitro, ChIP with mRNA-injected embryos indicated that Sox10 is needed for Olig1 binding to the endogenous mbp promoter in vivo (Fig. 6B) .
According to previous reports, OLIG1/2 are transcriptional repressors (Novitch et al., 2001; Lee et al., 2005) . However, through binding to different partners or by phosphorylation at different sites, the properties of a transcription factor can change (Ju and Rosenfeld, 2006) . By in vitro luciferase assay, we found that Sox10 might be primarily responsible for mbp transcription but that Olig1 can enhance transcription approximately twofold. This stimulating activity disappeared after mutagenesis of Olig1 and/or Sox10 binding sites. The functional synergy between Olig1 and Sox10 was further verified in vivo. Coinjection of olig1 and sox10 mRNA into zebrafish one-cell embryos strongly enhanced mbp expression, whereas injection of either mRNA individually had little effect (Fig. 7A) . Moreover, Olig1/Sox10 complex formation could not enhance plp1b or mpz expression in the spinal cord (data not shown), consistent with the observation that there are no conserved bHLH/HMG binding motifs in the upstream regions of the plp1b or mpz genes. Liu et al. (2007) showed that Sox10 alone could activate mbp expression when a Sox10-expressing retrovirus was electroporated into the embryonic chick spinal cord. Our failure to observe a similar effect of Sox10 alone after mRNA injection into fish embryos could simply reflect mRNA decay over the time course of our experiment, resulting in low levels of Sox10 expression. However, this does not affect our conclusion that Sox10 and Olig1 cooperate to elevate mbp expression both in vitro and in vivo.
Mouse OLIG2 has been shown to bind SOX10 in vitro (Wissmuller et al., 2006) , but it remains to be shown whether OLIG2 binds to SOX10 in vivo, or whether OLIG2 can cooperate with SOX10 to drive Mbp transcription in vivo.
Evolution of CNS myelin
Compact myelin is a defining characteristic of gnathostomes (vertebrates with jaws) and must have played a crucial role in vertebrate evolution. By permitting much faster conduction of action potentials in both the CNS and PNS, the presence of compact myelin would have allowed more rapid sensory and motor reflexes and would presumably have conferred a strong selective advantage for rapid locomotion, favoring predatory behavior and/or escape from predators, for example. Other benefits would undoubtedly have included more central processing power (evolution of a complex, portable brain) and better central control over distal appendages, thereby allowing body size to increase. Given the crucial influence of OLIG2 on OL development, exploring the molecular evolution of olig genes might yield useful clues to myelin evolution.
There is only one member of the olig gene family in invertebrates (Lowe et al., 2006; Bronchain et al., 2007) . So far, there is no information about olig genes in agnathans (lampreys and hagfish, which lack myelin), but in the genome of a myelinated cartilaginous fish (elephant shark or chimera, Callorhinchus milii) we identified orthologs of olig2 and olig3 but not olig1 (data not shown). This finding suggests that olig2 and olig3 were originally derived by duplication of a single ancestral olig gene, perhaps during the whole genome duplication that is known to have occurred early in the vertebrate lineage, and that olig1 appeared later in bony fish through local duplication at the olig2 locus. This interpretation contrasts with the conclusion of a recent in silico analysis that olig1 is the founder member of the gene family (Bronchain et al., 2007) . Distinguishing between these models requires further comparative analysis, in particular whether the lack of olig1 is a general property of cartilaginous fish.
Why did OLIG2 acquire the SOX10 binding properties of OLIG1 after the separation of fish and mammalian lineages? We suggest that Olig1 first appeared in teleost fish, increasing myelin gene expression and augmenting the rate or extent of myelination. Subsequently, in mammals, OLIG2 acquired the ability to bind SOX10, perhaps further enhancing myelin gene transcription and myelination. Testing this model will require further comparison of OLIG1 and OLIG2 activities in vitro and in vivo.
